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Insights into the direct monitoring of supported peptide synthesis were realized through the
design of time of flight static secondary ion mass spectrometry (TOF-S-SIMS) experiments. The
mass spectrometric method was carried out at the resin bead level and was found reproducible
(intra- and inter-day assays), sensitive (femtomol level) and non-destructive (only 0.01% of
the peptides were destroyed by the primary ion beam bombardment). The nature of the
peptide–resin linkage governed the recovery of ions characterizing the whole peptide
sequence. A S-SIMS cleavable bond was thus required solely in that position to achieve
the release of the growing structures from the insoluble support into the gas phase without any
fragmentation. Results are presented with standard solid-phase resins allowing linkage
through an amide or an ester bond. The latter was orthogonally broken upon the bom-
bardment and thus constituted a convenient S-SIMS cleavable bond. (J Am Soc Mass
Spectrom 2001, 12, 1099–1105) © 2001 American Society for Mass Spectrometry
Solid-phase strategies are very popular for synthe-sizing peptides from the time the first supportedsynthesis was described by Merrifield four de-
cades ago [1]. The first amino acid is anchored to an
insoluble support consisting of either resins [2] or
plastic pins [3] and the desired sequence is built step by
step by successive couplings of the appropriate build-
ing blocks. Reactions can be driven to completion by the
use of excess reagents and repeated washings of the
support to achieve facile purification. The depicted
methodology allows automated peptide preparation
relying on robust and efficient chemistries. No on-line
monitoring of the multistep synthesis, however, was
performed since standard spectroscopic methods re-
quired solubilization of the sample under study. Com-
pound structural assessment is thus usually effected at
the end of the synthesis after release of the peptide from
the insoluble support in solution. Such cleave and
analyze strategy presents several drawbacks. First, the
control is destructive; any compound identification at
an intermediate stage provokes sample consumption.
Second, side-reactions during this additional cleavage
step may occur [4].
The development of a direct non-destructive on-line
monitoring method would allow following step by step
not only peptide but also more generally any organic
solid-phase synthesis. Various techniques suitable for
solid sample analysis have been investigated including
magic angle spinning NMR (MAS NMR) [5–7], Fourier
transform ion resonance (FTIR) [8, 9], matrix-assisted
laser desorption ionization (MALDI) MS [10, 11], and
TOF-S-SIMS [12–14].
As part as an ongoing project in our laboratory for
the analysis of combinatorial library syntheses, we have
established the relevance of TOF-S-SIMS to effect sup-
port-bound peptide characterization [15]. The choice of
mass spectrometry over the other aforementioned tech-
niques was dictated by its specificity, sensitivity, and
speed required for high throughput profiling of collec-
tions of supported compounds. Among all mass spec-
trometric methods involving ionization by desorption
where ions are produced by energy deposition on the
sample surface [16, 17], TOF-S-SIMS was preferred to
fast atom bombardment (FAB) and MALDI since the
solid sample is analyzed directly without any prior
solubilization in a matrix. Provided that the energy of
the incident (or incoming) beam remains within the
static limit, characteristic ions of pendant moieties be-
longing to covalently bound molecules have been re-
ported in the literature [12, 18, 19]. Thus, TOF-S-SIMS
spectra of polymeric samples exhibit abundant ions
featuring the end groups and very few ions related to
the polymer itself. The formation of the former ions was
governed by the rupture of a single bond whereas ions
related to the polymer core require at least cleavage of
two bonds [20]. These results were the starting point of
Published online August 14, 2001
Address reprint requests to Dr. C. Enjalbal, Laboratoire des Aminoacides,
Peptides, et Prote´ines, Universite´ Montpellier II, Place E. Bataillon,
UMR-CNRS 5810, 34 095 Montpellier Ce´dex 05, France. E-mail:
enjalbal@univ-montp2.fr
© 2001 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received February 12, 2001
1044-0305/01/$20.00 Revised June 26, 2001
PII S1044-0305(01)00296-3 Accepted June 27, 2001
our studies considering how the growing peptide
chains or, more generally, organic molecules would
behave as terminal groups.
Our preliminary studies were carried out on pep-
tides anchored through an ester bond to hydroxymeth-
ylpolystyrene resins [21, 22] or to polystyrene pins [23].
TOF-S-SIMS spectra of N-protected peptides revealed
various types of ions resulting from the rupture of
either one or several bonds, and from rearrangements.
In the first case, the most informative fragmentation
was obtained in the negative mode by rupture of the
ester bond linkage between the growing peptide and
the support. The released carboxylate anion was thus
characteristic of the whole peptide chain [21, 22]. Other
simple cleavages allowed identification of some protect-
ing groups. For instance, Boc and t-Bu were evidenced
in the positive mode by the ion at m/z 57, Fmoc by the
ions at m/z 178/179. This protection was also detected in
the negative mode by the ion at m/z 165. The other ions
observed in TOF-S-SIMS were issued from the rupture
of two bonds or from rearrangements. Immonium ions
of the constitutive amino acids were formed in the
positive mode whereas the Boc protection lost a mole-
cule of t-butylalcohol in the negative mode. The latter
behavior enabled to differentiate between Boc and t-Bu
groups. All of these fragmentations were in accordance
to FAB mass spectrometry data regarding Boc- and
Fmoc-protected peptides [24, 25] and immonium ion
formation [26].
The observed similarity between the two techniques
of ionization by desorption i.e., FAB and TOF-S-SIMS
was in agreement to literature data [27] and confirmed
the suitability of TOF-S-SIMS to monitor solid-phase
reactions, spectral interpretation being facilitated by
comparison with well-documented behaviors in FAB.
The aim of the present study was to optimize exper-
imental parameters to generate rapidly informative
TOF-S-SIMS spectra of any support-bound organic mol-
ecules in the search of high throughput solid-phase
monitoring. Several parameters related to the instru-
ment and to the sample were investigated. Conditions
of spectrum acquisition, sample conditioning, nature of
the support, nature of the anchored molecule as well as
the type of linkage compound/support and their labil-
ity upon TOF-S-SIMS bombardment will be discussed.
Experimental
Mass Spectrometry
S-SIMS measurements were performed on a TRIFT I
spectrometer from the PHI-Evans Company (Eden Prai-
rie, MN) equipped with a TOF analyzer. Spectra were
recorded using a pulse (1ns, 12 KHz) liquid metal
source (69Ga, 15keV) operating in the bunched mode of
operation to provide good mass resolution (m/Dm 5
2000 measured at m/z 43). Because of large charge
effects on such insulating materials, charge compensa-
tion was needed for all samples and was achieved by a
pulsing electron flood (Ek 5 20eV) at a rate of one
electron pulse per five ion pulses. The analyzed surfaces
were squares of 20 3 20 mm2. All positive and negative
spectra were acquired within 1 to 10 min with a fluence
of less than 1012 ions per cm2, ensuring static conditions
on the sample.
Chemical and Sample Preparation
Various insoluble supports consisting of polystyrene
resins (100–200 mesh) functionalized by different link-
ers were studied: 4-methylbenzhydrylamine linker
(MBHA) with a loading capacity of 0.4, 0.8, and 1.6
mmol/g (Novabiochem and Advanced ChemTech), hy-
droxymethyl linker with a loading capacity of 0.93 and
2.8 mmol/g (Novabiochem and Advanced ChemTech),
4-hydroxymethylphenoxy linker (Wang resin) with a
loading capacity of 1.1 and 1.3 mmol/g (Senn Chemical
and Advanced ChemTech), 4-(4-hydroxymethyl-3-me-
thoxyphenoxy)butyric acid linker with a loading capac-
ity of 1.0 mmol/g (Senn Chemical), chlorotrityl linker
with a loading capacity of 1.0 mmol/g (Senn Chemical).
The first amino acid was anchored to the resin by the
symmetrical anhydride method (a solution of 10 equiv-
alents of the residue and 5 equivalents of diisopropyl-
carbodiimide was stirred for 30 min at 4 °C, filtered and
concentrated under vacuum). The resulting symmetri-
cal anhydride was dissolved in dimethylformamide
(DMF) and added to the resin with 0.1 equivalent of
dimethylaminopyridine except for the chlorotrityl resin
where two equivalents of the residue and four equiva-
lents of diisopropylethylamine were shaken with the
resin overnight.
The peptides were built by successive couplings of
the incoming N-protected amino acids and N-terminal
deprotection. The coupling agents were either ben-
zotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium
hexafluorophosphate (BOP), 1,3-diisopropylcarbodiim-
ide (DIC)/N-hydroxybenzotriazole monohydrate (HOBt),
O-benzotriazole-N,N,N9,N9-tetramethyluronium-hexaflu-
orophosphate (HBTU) or O-(7-azabenzotriazol-1-yl)-
N,N,N9,N9-tetramethyluronium hexafluorophosphate
(HATU). N-terminal Boc or Fmoc protections were
removed by treatment of the resin with a solution of
trifluoroacetic acid (TFA) in dichloromethane (50%,
v/v) or a solution of piperidine in dimethylformamide
(20%, v/v), respectively.
Depending on the nature of the linker, two protocols
were employed to release the built sequence in solution.
With MBHA and hydroxymethyl linkers, the resins
were stirred in hydrofluoric acid (HF) for 1 h at 0 °C.
The other linkers allowed the peptides to cleave in TFA
solutions at room temperature under stirring.
At the end of each synthesis, an aliquot of the resin
beads was subjected to the appropriate cleavage condi-
tions to release the peptide in solution. Structural iden-
tification and purity assessment was undertaken by
LC/ESI-MS on a Platform II quadrupole mass spec-
trometer (Micromass, Manchester, UK) equipped with
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an Alliance 2690 LC system (Waters, Milford, MA).
Only synthetic batches exhibiting pure compounds
were thereafter subjected to TOF-S-SIMS analysis.
Results and Discussion
A model tripeptide anchored through an amide bond to
a polystyrene resin functionalized with a MBHA linker
at 0.8 mmol/g was chosen as a reference to study
experimental parameters and sample conditioning. The
peptide was synthesized using the Boc strategy as
displayed in Figure 1.
The resin beads were deposited on the SIMS target
and visualized by a camera. The area of the sample to be
analyzed was determined by the average size of the
spherical polystyrene beads (100–200 mesh). A surface
of 20 3 20 mm2 ensured single bead characterization.
Once the area was chosen, the SIMS bombardment was
triggered and the spectrum was acquired. At that point,
one should distinguish between time of bombardment
and time of acquisition. The sample can be bombarded
without acquiring data, especially if some tuning is
needed.
The incident primary beam consisted of either in-
dium or gallium ions but no changes were detected on
the recorded spectra so a gallium source was chosen for
all experiments. The ions produced in the positive
mode were the t-butyl cation at m/z 57 for the Boc group
and the three immonium ions at m/z 70 (Pro), 120 (Phe),
and 86 (Leu). The polystyrene polymer gave a weak
signal at m/z 115, which served as an internal reference
to compare the relative peptide ion abundances. The
spectrum of the model compound is reproduced in
Figure 2.
Validation of the S-SIMS Protocol
Reproducibility of the S-SIMS analysis was first as-
sessed. Intra- and inter-day assays were carried out to
find out the relative error on ion abundance measure-
ment. Various aliquots of the same batch were submit-
ted to S-SIMS bombardment (same protocol for each
experiment) during the same and four consecutive
days. Whatever ion was under consideration, its rela-
tive signal intensity varied within 15% of the mean
value. Thus, the influence of the studied parameters on
the TOF-S-SIMS spectra was judged significant if the ion
abundances were increased by a factor superior to 15%.
Limit of Static Conditions
The influence of both bombardment time and acquisi-
tion time on the signal intensities were studied, keeping
in mind that the static limit (1012 ions per cm2) should
Figure 1. Solid-phase synthesis of Boc-Pro-Phe-Leu-NH2 on
MBHA resin.
Figure 2. Positive S-SIMS spectra of Boc-Pro-Phe-Leu anchored to MBHA resin loaded at 0.8
mmol/g (amide linkage).
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not be exceeded. Acquisition times of 1, 2, 5, and 10 min
were investigated. All ion abundances increased with
time. Since a good signal to noise ratio was obtained
with the lowest acquisition time of 1 min, this value was
chosen in the case of combinatorial libraries to diminish
as much as possible the analysis time and thus achieve
a high throughput profiling. For all current optimiza-
tion experiments, a standard acquisition time of 5 min
was preferred.
Bombardment of the sample surface prior to data
acquisition was effected during 0, 5, 10, 15, 20, 25, and
30 min. Spectra recorded after 5 min of data acquisition
were all similar, the signal intensities varying within the
15% limit. Such result showed that the static limit was
not reached even after 30 min of bombardment. Intact
growing peptides were still present producing the ex-
pected characteristic ions upon energy deposition. As a
consequence, experiments requiring rather long data
acquisition such as imaging studies to gain spatial
distribution information [28, 29] can be effected, thereby
widening the scope of TOF-S-SIMS applications.
Non-Destructive Method
Under static conditions, less than 1/1000 atoms of the
surface were destroyed by the incident primary beam.
But the surface of the studied sample was heteroge-
neous, so the percentage of bombarded pendant mole-
cules was estimated to check if the bead could be used
for further synthetic steps. Assuming an average spher-
ical size of 150 mesh and a density of 1.05 g/cm3, one
bead loaded at 0.8 mmol/g should exhibit 6.3 3 10210
mol of growing structures. However, no more than 1%
of the reactive sites where the molecules were anchored
were distributed on the bead surface [30] so 6.3 3 10212
mol of peptides were accessible to the S-SIMS bombard-
ment. Having limited the detection to areas of 20 3 20
mm2, the maximum amount of destroyed molecules
represented 6.3 3 10214 mol, i.e., only 0.01% of the
entire loading. The beads could thus be used after
TOF-S-SIMS analysis. The method was demonstrated
non-destructive.
Sensitivity
Sensitivity was obviously another matter of concern. As
discussed above, a very small amount of built mole-
cules (femtomol level) was consumed by the analysis.
This strategy was better by far in this respect than the
cleave and analyze methodology or IR and NMR.
Nevertheless, one should keep in mind that the loading
capacity of the resin affected the TOF-S-SIMS response.
In the search of detection limits, MBHA resins exhibit-
ing low (0.4 mmol/g) and high (1.6 mmol/g) substitu-
tion levels were investigated. The same model tripep-
tide was synthesized and the relative ion abundances
were compared with the reference spectrum (resin
loaded at 0.8 mmol/g). First, characteristic ions from
different samples were recorded; a good signal to noise
ratio was obtained even in the case of a low loading.
The technique was thus very sensitive. Second, the
intensities of the signals increased with loadings from
0.4 to 0.8 mmol/g and then reached a maximum.
Having more molecules accessible to the bombardment
did not provide more ions reaching the detector. A
standard loading of 0.8 mmol/g commonly employed
in solid-phase syntheses was chosen for the forthcom-
ing experiments.
Sample conditioning was then studied. Indeed, TOF-
S-SIMS provides information about the surface of the
solid under consideration and any post-synthetic treat-
ment may affect the distribution of the pendant mole-
cules and therefore their accessibility to the energetic
primary beam. Moreover, the presence of contaminants
(like alkaline salts, . . . ) may hamper the detection of
covalently bound molecules. Thus, the resin to be
analyzed by TOF-S-SIMS was first thoroughly washed
with various organic and aqueous solvents. The final
washing was performed with an organic solvent to
swell the resin properly prior to its drying in a dessica-
tor. Dichloromethane, isopropanol, methanol, dimeth-
ylformamide, diethylether and hexane were used and
no significant difference was observed on the recorded
spectra in the positive mode. The ion abundances were
similar. No specific sample conditioning was required
except that contamination by adsorbed species must be
avoided.
Accessibility to the S-SIMS Bombardment
The accessibility of the growing chain to the energetic
primary ion beam was evaluated by inserting a spacer
between the linker and the growing molecules and by
carrying out positional scanning studies. First, it should
be noted that the abundance of any protecting group
was more important than the abundance of the immo-
nium ions. A single bond rupture was required to
release ions related to the protections whereas two
bonds were cleaved to produce the immonium ions.
The insertion of an alkyl chain of variable length (2, 5,
and 11 carbon atoms) between the linker and the
peptides allowed the increase of the signal intensities, in
the positive mode, up to a ratio of 50% for the N-
terminal protection in the case of the longer spacer.
Positional scanning experiments were undertaken to
assess the influence of the peptide sequence on the
recorded ions in the positive mode. Heptapeptides were
Table 1. Relative abundances of characteristic ions of Lys(Boc)
and Phe in Fmoc-AA7-Phe-Gly-AA4-Ala-Gly-AA1-MBHA resin
with AAn 5 Ala or Lys(Boc)
Position of Lys(Boc)
AA1 AA4 AA7
Boc: I(57)/I(115) 22.8 42.7 68.1
Lys: I(84)/I(115) 0.8 2.5 3.8
Phe: I(120)/I(115) 1.7 2.5 2.3
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prepared bearing the Lys(Boc) residue at positions 1, 4,
and 7 in the chain (Table 1) whereas the phenylalanine
was kept at a fixed position. As expected, the relative
abundance of the phenylalanine immonium ion was
constant for all experiments. The signal of the Boc
group increased from position 1 (closest to the resin) to
position 7 (terminal position). The same result was
observed with the relative abundance of the lysine
immonium ion. So, two parameters affected the produc-
tion of intense characteristic signals in the positive
mode: the number of bonds to break and the distance to
the resin.
S-SIMS Clevable Bond
From our preliminary studies [21–23], we knew that the
TOF-S-SIMS analysis was not sensitive to the nature of
the support: peptides linked to polystryrene and poly-
amide resins as well as plastic pins have already been
successfully characterized. We have also demonstrated
now that there is no restriction on the resin substitution
level or on the resin conditioning. However, it occurred
to us that the major parameter affecting the generation
of a TOF-S-SIMS spectrum is the nature of the bond
linking the growing molecules to the support. Indeed,
production of molecular ions, instead of fragment ions,
is required to identify whole anchored structures.
Therefore, the link between the compound and the
support must be cleaved upon the primary bombard-
ment whereas no other bond of the molecule should be
broken. This orthogonal linkage also called SIMS-cleav-
able bond was necessary to fulfill the monitoring re-
quirements. The choice of the linker was crucial. The
orthogonal linkage on a resin is provided by the inser-
tion of a linker between the insoluble polymer core and
the attached molecule. This bond is stable during the
synthesis and release of the synthesized compounds is
achieved under specific conditions. Results concerning
all studied resins are shown in Table 2 and are divided
into two categories according to the type of linkage to
the resin. The peptides were attached to the support
either through an amide bond or through an ester bond.
Both types of linkage provided the same ions in the
positive mode but the main difference was observed in
the negative mode as displayed in Figure 3. No speci-
ficity was achieved with the amide linker since this
amide bond was not differentiated upon the bombard-
ment from the peptide sequence amide bonds. So, no
ion was detected in the negative mode. On the contrary,
the ester linkage was broken in the negative mode for
all studied resins yielding a carboxylate ion, which was
specific of the whole sequence. The stability of the
amide bonds and the concomitant rupture of the ester
bond provided the expected SIMS cleavable bond.
Varying the amino acid anchored to the linker did not
affect the production of the carboxylate ion. Moreover,
the length of the peptide chain also had no influence on
the carboxylate ion formation [22].
Super S-SIMS Cleavable Bond
The abundance of the released carboxylate ion was then
optimized. Indeed, a competitive fragmentation of the
N-terminal protection was sometimes observed upon
the S-SIMS bombardment in the negative mode. The
Fmoc group was systematically lost for all studied
compounds giving rise to carboxylate ions bearing a
free amine at the other terminus. The presence of the
protection was evidenced by the simultaneous detec-
tion of the fluorenyl anion at m/z 165. The behavior of
Table 2. Studied polystyrene resins
Name Linker structure
Peptide-support
linkage
Cleavage
conditions
Hydroxymethyl
ester HF
MBHA
amide HF
Wang
ester 95% TFA
HMPB AM
ester 5% TFA
Chlorotrityl
ester Acetic acid
or 1% TFA
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the Boc protection was found to depend on the peptide
structure. Most of the time, this protecting group was
not cleaved in the negative mode allowing the record-
ing of solely the N-protected carboxylate. Nevertheless,
some Boc-protected peptides underwent concomitant
rearrangements by the loss of t-butanol and by the
simultaneous losses of C4H8 and CO2. Under such
conditions, the peptide signal was split between two
and three ions for the Fmoc and Boc protections,
respectively. The sensitivity of the method was affected,
and conditions were sought to improve the ion yield in
the negative mode.
The chemical lability of the peptide-resin linkage
was first investigated. Various linkers releasing carbox-
ylate ions under the S-SIMS bombardment were chosen
according to their reactivity in acidic media (Table 2).
The model peptide consisted of Fmoc-Pro-Phe-Leu-OH
to compare the relative intensities of the Fmoc group
(m/z 165) with the carboxylate, acting as an internal
standard and of the carboxylate (m/z 374). The increased
sensitivity to acid did not provide more abundant
carboxylate ions. Hydroxymethyl, Wang, and HMPB
linkers displayed similar negative TOF-S-SIMS spectra.
The relative abundance of the carboxylate ion (m/z 374)
over the Fmoc protection (m/z 165) in the negative mode
was 8.8 3 1022 for hydroxymethyl resin, 9.0 3 1022 for
Wang resin (the spectrum is reproduced in Figure 4)
and 9.1 3 1022 for HMPB resin. However, the chloro-
trityl linker which possesses the highest sensitivity
towards acids was set apart from the aforementioned
handles. A more intense carboxylate signal was re-
corded in this case, (I(374)/I(165) 5 14.3 3 1022),
greatly enhancing the sensitivity of the technique in the
negative mode. This particular behavior was attributed
to the presence of the trityl group between the peptide
and the polymer core. The cleavage of the anchoring
bond gave rise to two very stable ions, the carboxylate
anion and the trityl cation. The latter remained an-
chored to the insoluble support, so no ions belonging to
this resin, which may interfere with the product ions,
were detected on the spectra. The recourse to the
chlorotrityl linker allows for production of a super
SIMS-cleavable bond. The well-known formation of the
trityl ion facilitated the orthogonal rupture of the link-
age bond.
Conclusion
The relevance of the TOF-S-SIMS technique to monitor
solid-phase peptide synthesis was validated. The exper-
imental protocol designed allowed single bead analysis
and was found to be reproducible, sensitive, and non-
destructive. Informative spectra were generated in both
positive and negative modes. Careful choice of the
nature of the linkage between the growing chain and
the insoluble polymeric support was decisive. Ester
linkage, which is fairly common in supported synthesis,
provided a specific S-SIMS cleavable bond, the entire
peptide being released upon bombardment. The sensi-
tivity of the analysis was even enhanced by the recourse
to the chlorotrityl linker giving rise to a so-called super
SIMS-cleavable bond.
Application of such method to control any organic
synthesis, and in particular to profile parallel libraries
of heterocycles, is under current investigation.
Figure 3. Negative S-SIMS spectra of Boc-Pro-Phe-Leu anchored to various resins. (a) MBHA resin
loaded at 0.8 mmol/g (amide linkage); (b) HMPS resin loaded at 0.8 mmol/g (ester linkage).
Figure 4. Negative S-SIMS spectra of Fmoc-Pro-Phe-Leu anchored to Wang resin.
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